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(54) PHOTOELECT 

(71) We, NATIONAL RESEARCH 
DEVELOPMENT CORPORATION, a 

. , British Corporation established by Statute, of 
ICingsgate House, 66 — 74 Victoria Stteet, 

5 London, S.W.I, do hereby declare the inven- 
tion for which we pray that a patent may be 
granted to us, and the method by which it is 
to be performed, to be particularly described 
in and by the following statement: — 

10 The present invention concerns an electro- 
optical device suitable for a wide range of 
applications. In particular the invention is 
concerned with an electro-optical device which 
can detect and measure forces and pressure 

15 differences. The forces may be electrostatic 
and accordingly the device finds application as 
a voltage comparator. Alternatively the device, 
when measuring pressure differences, can be 
used as a microphone or a manometer, 

20 According to one aspect of the present in- 
vention there is provided an electro-optical 
device comprising a membrane, electro -optical 
meiaas for producing an output signal in res- 
ponse to movement of the membrane from its 

25 null position, and electrostatic means for driv- 
ing the membrane towards its null position in 
response to a negative feed-back signal pro- 
portional to said output signaL 

Various embodiments of electro-optical 

30 devices will now be described by way of 
example and with reference to the accompany- 
ing drawings, in which: — 

Figure 1 is a diagrammatic section of a 
microphone constructed in accordance with 

35 the present invention. 

Figure 2 is a similar view of a voltage com- 
parator constructed in accordance with the 
present invention. 

Figure 3 is a similar view of a second 

40 embodiment of a microphone, and 

Figure 4 is a diagrammatic section of a 
balanced interferometer constructed in accord- 
ance with the present invention^ and 



IC TRANSDUCER 

Figure 5 shows a circuit for imparting oscil- 
lation to the membrane of the interferometer 45 
of Figure 4. 

The microphone shown in Figure 1 con- 
tains the three basic integers which are com- 
mon to all electro-optical devices embody- 
ing the present invention. 50 

The first of these three integers is a thin 
flexible pellicle or membrane 1 mounted on a 
rigid former 2. The pellicle is made from or 
is coated with, an electrically conductive 
material. Thus it may be made from nitro- 55 
cellulose, some microns thick which has been 
vacuum coated to provide the necessary elec- 
trical conductivity and optical reflectivity. The 
former 2 can be of ceramics, plastics or a 
stable metal 60 

The second integer is an electro-optical 
sensing system generally indicated at 3. This 
system detects displacement of the centre of 
the membrane 1 under applied forces and 
produces an output signal the sign and magni- 65 
tilde of which are dependent upon the direc- 
tion and degree of displacement. 

The third integer is an electrostatic system 
acting on the membrane in response to the 
output signal from the sensing system 3 to 70 
apply a restoring force to the membrane 1 
to return it to its null position in opposition 
to the deflecting force. Thus the sensing sys- 
tem in eff^cct generates a negative feed-back 
signal of high gain. 75 

In the embodiment of Figure 1 the deflect- 
ing forces are acoustic waves. The device is 
motmted with a casing 5 to isolate one side of 
the membrane 1 from the acoustic waves. The 
casing 5 is also provided witii a bleed vent 80 
6 to equalise the pressure within the casing. 

The electro-optical sensing system com- 
prises a solid state radiation source 7 generat- 
ing a beam of radiation which after reflection 
by a beam splitter 8 is focusscd by a suit- 85 
able lens system 9 ca to the centre point of 
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the membrane 1. As the membrane 1 is optic- 
ally reflective the reflected radiation is re- 
imaged by die lens system 9 on to a further 
beam splitter 10. A pair of solid state photo- 

5 detectors 11 and 12 are positioned so that 
detector 11 receives the radiation reflected 
from the beam splitter 10 and detector 12 the 
radiation transmiued through the beam splitter 
10. These photodeteaors are axially displaced 

10 one on either side of the image plane. Thus 
as the membrane 1 oscillates in response to 
the acoustic waves the outputs of the photo- 
detectors 11 and 12 will be modulated at the 
osciUation frequency but with 180° phase 

15 difference. 

The outputs of the photo-detectors are 
taken via. preamplifiers 13, 14 to suitable phase 
sensitive detection means 15 and via gain 
control circuitry 16 to a pair of electrostatic 

20 electrodes 17, IS mounted symmeuically one 
on either side of the membrane 1 so as to 
generate on these electrodes an electrostatic 
force driving die membrane 1 towards its 
original force null position, 

25 The devices thus act as a balanced servo 
system tending to return the membrane 1 
to its null position and the varying negative 
feed-back signal required to maintain this 
null posidon is of course dependent on the 

30 acousdc waves impinging on the membrane 1. 
Thus, by separately amplifying this feed-back 
signal by an amplifier an output signal is 
obtained suitable for driving a loudspeaker or 
recording equipment. 

35 The voltage comparator shown in Figure 2 
of the accompanying drawings has the same 
opdcal sensing s^'Stem and many other integers 
in common with the microphone of Figure 1. 
Thus similar integers will be given the same 

40 reference numerals. 

However, in the voltage comparator the 
electrode 17 is mounted substandally further 
away from the membrane 1 than the electrode 
18. When in use an unknown voltage to be 

45 measured is applied to the electrode 17 deflect- 
ing the membrane 1 from its null posidon. As 
previously the movement of the membrane 1 
is detected by the sensing system causing a 
negative feed-back signal to be applied to 

50 the electrode 18 of a sign and a magnitude 
sufficient to restore the membrane 1 to its 
null posidon by counteracdng the electro- 
stadc force generated by the unknown voltage. 
The compensating voltage required can then 

55 be measured by a convendond voltmeter 20. 
Let it be assiuned that the rado of the 
distance between electrodes 17 and 18 with 
respect to membrane 1 to 10 to 1. It will be 
understood that the force between an elec- 

60 trode and the membrane depends upon the 
square of the voltage between them and that 
the forces are in the sense of attracdon, 
irrespective of the sign of the voltage. This 
square law is a sufllcient approximation for 

65 the purpose of the present description. In 



real terms the dimensions of the system and 
the effecdvc voltage rado are connected by 
a more complex relationship, but the prin- 
ciple holds. Thus, in the present system an 
xmknown voltage of 100 V, would give rise to 70 
a compensating voltage of + or — 1 volt. This 
factor does not detract from the value of the 
device in real situations as fluctuations in the 
unknown high voltage are not so large as to 
reverse dieir polarity with respect to earth. 75 

It is to be noted that the device could be 
used in a series of similar stages with the 
compensating voltage of the first stage being 
applied as the high voltage of the second stage. 
For two stages similar to the one described 80 
with both brought to the null balance condi- 
tion, the overall ratio between the original 
unknown voltage and the final compensating 
voltage would be 10,000 to 1. 

Figure 3 shows a second embodiment of 85 
a microphone which differs from the embodi- 
ment of Figure 1 in that an interferometric 
opdcal sensing system is used to sense changes 
in the posidon of the membrane and to 
generate the negative feed-back signal. In this 90 
embodiment radiation from the source 7 is 
directed via an opdcal system generally indi- 
cated at 21 so that the radiation is focussed 
on to the membrane 1 and reflected 
from the pellicle membrane 1 via a 95 
beam splitter 22 on to a photo-detector 
23 to provide a main beam length, and is also 
reflected via a beam splitter 24 on to a refer- 
ence mirror 25 and thereafter reflected via a 
mirror 26 on to a photo-detector 27 to pro- 100 
vide a reference beam length. Thus, as the 
posidon of the membrane 1 is varied by 
acoustic waves signals of differing phase>, are 
generated by the photo-detectors 23, 2? and 
as previous!}^ used to generate a negative 105 
feed-back signal for restoring the membrane 
1 to its null position and which can also be 
amph'fied to provide the required output 
signal. 

Naturally the same opdcal sensing system 110 
could be applied to the voltage comparator 
described previously with reference to Figure 
2. 

The embodiment shown in Figure 4 is a 
balanced interferometer including as in the 115 
other embodiments a membrane 1, which in 
this embodiment is partially transmissive, 
radiation source 7, electrostatic guides 17, 18 
and a negative feed-back system for maintain- 
inc: the membrane 1 in its null position. In 120 
this embodiment an osciUation is imparted to 
the membrane 1 having an amplitude of less 
than J- wavelength of the radiation source. This 
oscillation can be imparted by a circuit such 
as that shown in Figm-e 5 having a pair of 125 
semi-conductor diodes 28, 29 and resistors 
30, 31. When a sinusoidal voltage is con- 
nected between terminal 32 and eardi the 
diodes 28, 29 will conduct alternately in 
accordance with the sign of the driving volt- 130 
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age causing oscillation of the mem- 
brane 1 at the sinuscHdal voltage 
frequency. The movement so produced 
is arranged so as to be adequate for modula- 

5 tioa but insufiRcient to disturb the working of 
the interferometer. In the embodiment being 
described 33 and 34 are optical systems in- 
cluding plane parallel faces 35, 36 with each 
face having at its centre a fully reflecting 

10 portion 35a, 36a. A single photo-detector 37 
and a solid state broad spectrum radiation 
source 7 are arranged to be optically conju- 
gate by the paths shown in full and dotted 
lines in Figure 4. If the distances between 

15 face 35 and the membrane 1 and the face 36 
and the membrane 1 aie precisely equal there 
will be a zero path difference for light of 
all wavelengths and propagated in both direc- 
tions. Hence at that setting a single achromadc 

20 interference fringe will cover the photo- 
detector 37. 

When considering interferometric electro- 
optic systems according to the present inven- 
tion it will be noted that a salient point in 

25 the operation of these devices is that the path 
difference is maintained close to zero. This is 
a most important and beneficial result, in that 
radiation sources of high coherence are not 
required. Coherent radiauon is provided by 

30 continuous lasers or by systems comprising a 
source exhibiting a single line spectrum to- 
gether with condensing optics and a small 
aperture. Such syst«ns are largp, fragile and 
expensive. The maintenance of effectively 

35 zero path difference permits the tise of solid 
state lamps and in some cases incandescent 
sources which are cheap, small and rugged. 

Now consider the situation when the mem- 
brane 1 is oscillated by the sinusoidal voltage 

^ applied to the terminal 32. In such a case the 
output of the photo-detector 37 will also be 
a sinusoid but at twice the drive frequency 
and having a mean value of zero. If the mem- 
brane 1 is now displaced by an additional 

45 force^ for example a variation in pressure, the 
detector output will contain a component at 
the fundamental frequency of the exciting 
waveform. The phase of the fundamental wave- 
form changes by 180° when the sign of the 

50 displacement changes. The purpose of the 
electronic circuitry is to select the fundamen- 
tal by low pass filtering, and to reduce the 
means amplitude of the fundamental to zero 
by reducing the membrane excursions to zero. 

55 It will be appreciated that the signal discussed 
above is a sinusoidal wave which is amplitude 
modulated by the magnitude of die membrane 
movement and which is phase modulated be- 
tween 0** — 180** by the sign of the membrane 

«0 movement. It is thus necessary to convert the 
signal to one which is demodulated, that is, 
a signal which corresponds in magnitude and 
sign to the membrane and d^lacement. 
Means for carrying out this operation^ such 



as phase sensitive detectors or synchronous 65 
rectifiers, are well known in the art 

However, in the present embodiment a 
novel and particularly simple method will be 
described. 

Let the detector 37 be one which requires 70 
an electrical bias voltage for its operation, and 
which is electrically reversible. Examples are 
photo-resistive detectors or dual diode detec- 
tors. 

Let the bias voltage be a sinusoid of the 75 
same waveform as die drive oscillating the 
membrane 1. The output signal (current) from 
the detector 37 will now be the required wave- 
form, representing in magnitude and sign the 
displacement of the membrane 1. The para- 80 
meters of the system may not permit this 
arrangement, but if they do it provides a par- 
ticularly simple and cheap solution. 

It is to be noted particularly diat this sys- 
tem using an impressed oscillatory motion of 85 
the membrane 1 enables phase sensitive detec- 
tion of membrane displacement whilst using 
only a single detector. 

Thus in the embodiment described with 
reference to Figure 1 one of the two photo- 90 
detectors could be replaced together with 
the beam splitter. 

Returning to the present embodiment the 
resultant signal is applied after suitable ampli- 
fication to provide negative feed-back to 95 
return the membrane 1 to its null position. 
Clearly the interferometer described with 
reference to Figure 4 can be used as a micro- 
phone, or as an absolute or a differential 
manometer. joO 

The mode of action of the device in the case 
of manometric applications is particularly 
advantageous in that the force due to the con- 
trol feed-back potential which is applied to 
the electrostatic electrodes is constrained to' 105 
balance the force due to pressure change. 
Since the unit operates close to its optimum 
geometry whilst the forces remain balanced 
extensions of the measuring range by large 
factors can be expected. no 
^ Naturally the means for providing the 
sinusoidal oscillation of the membrane 1 can 
t^e many forms other than that described 
witii reference to F1g|ure 4. For example oscil- 
lators actuated by piezo-electric or magneto- 115 
strictive effects may be used. 

In all the embodiments described herein- 
before it is of course possible to have a stand- 
ing bias or polarising voltage between the 
membranes and electrodes thus enabling repul- 120 
sive forces to be stimulated between the 
membrane and the or each electrode. 

Fin-thermore in all the embodiments des- 
cribed hereinafter alternative optical sensing 
systems may be employed to sense displace- 125 
ments of the membrane 1 from its null posi- 
tion. ^ 

Thus systems may be used which are based 
upon sensing the changes in the spatial dis- 
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tribution of radiation reflected from the 
membrane 1 as it is distorted. 

Alternatively a system may be employed in 
which distortion of the membrane causes a 

5 displacement of an image irradiance distri- 
bution with respect to an object of similar 
shape to the image. If the object and the 
image are identical and periodic this class 
of system produces so-called Moir's fringes. 

10 Another system is that in which distortion 
of an optical wavefront reflected from the 
membrane 1 is sensed by techniques such 
as Schlieren shadow-graph or phase contrast 
methods. 

15 A still further system is one in which the 
membrane, which need not be of optical 
quality, is placed in juxtaposition with a holo- 
gram record of itself, so that on distortion of 
die membrane a system of interference fringes 

20 is created which can be detected photo- 
elcctrically. 

In any of these systems phase detection 
using impressed oscillations on the membrane 
and a single photo-detector may be employed. 

25 In all embodiments of the invention there 
will be need for frequency dependent circuits 
for the compensation of phase*shifts and for 
the auenuauon of gain in accordance with the 
established laws of servo-system design. 

30 Potential advantages of the devices des- 
cribed hereinbefore with reference to the 
accompanying drawings are nimierous and 
include high sensitivity and speed of res- 
ponse, large dynamic range and versatility of 

35 application. In particular because of the use 
of negative feed-back to maintain the mem- 
brane as close as is possible to its null position 
the dynamic range is not limited by the 
physical characteristics of the membrane itself. 

40 ' WHAT WE CLAIM IS: — 

1. An electro-optical device comprising a 
membrane, electro-optical means for producing 
an electrical output signal in response to move- 
ment of the membrane from its null position, 

45 and electrostatic means for driving the mem- 
brane towards its null position in response to 
a negative feed-back signal proportional to said 
output signal. 

2. A device as claimed in Claim 1, v/herein 
50 said membrane is electrically conductive and 

optically reflective. 

3. A device as claimed in either Claim 1 or 
Claim 2y wherein said electrostatic means 
include at least one electrostatic electrode 

55 mounted adjacent said membrane. 

4. A device as claimed in any of Claims 1 
to 3, wherein said electro-optical means com- 
prise a source of radiation, a lens system for 
focussing the radiation on to the membrane 

60 and for imaging the focussed radiation on to 
a detector, means for impressing on said 
membrane a sinusoidal waveform at a pre- 
determined frequency for a displacement of 
the membrane central area of approximately 



i of a wavelength of the radiation from said 65 
source, and phase sensitive means for deriving 
from said detector a signal the amplitude and 
sign of which is dependent on the direction 
and amplitude of movement of the membrane 
under an additional force. 70 

5. A device as claimed in Claim 4, where- 
in said detector has a bias voltage for its opera- 
tion, and wherein said phase sensitive means 
comprise means for varjing the bias to said 
detector with a sinusoidal waveform of the 75 
same frequency and phase as the waveform 
impressing oscillations on said membrane. 

6. A device as claimed in Claim 3, where- 
in said electro-optical means comprise a source 

of radiation, a lens system for focussing the 80 
radiation on to the membrane and for imag- 
ing the reflection of the focussed radiation via 
a beam splitter on to a pair of detectors dis- 
placed with reference to one another on either 
side of the image plane so that movement of 85 
the membrane creates output signals from said 
detectors which differ in phase. 

7. A device as claimed In Claim 6, and 
comprising phase sensitive means for deriv- 
ing from the detector's output signals an elec- 90 
trical signal the sign of which is dependent on 

the direction of displacement of the membrane 
and die magnitude of which is dependent on 
the amount of displacement, and means for 
appljdng said latter signal to said electrostatic 95 
means in such a manner as to oppose the 
force displacing said membrane. 

8. A device as clmmed in Claim 3, where- 
in said electro-optical sensing means comprise 

a source of radiation, an interferometric sys- 100 
tern for focussing radiation from said source 
along one path on to said membrane and from 
said membrane on to a detector so as to 
provide a main path length, and for focuss- 
ing radiation from said source along a second 105 
path on to a reference mirror and from said 
mirror on to a second detector so as to provide 
a reference path length, so that displacement 
of said membrane from its null position causes 
said detectors to provide output signals which 110 
differ in phase. 

9. A device as claimed in Claim 8, and com- 
prising phase sensitive means for deriving 
from the detector output signals an electrical 
signal the sign of which is dependent on the 115 
direction of displacement of the membrane, 

and the magnitude of which is dependent upon 
the amount of displacement of said membrane, 
and means for appl3dng said lauer signal to 
said electrostatic means to oppose the force 120 
displadng said membrane. 

10. A device as claimed in Claim 3, where- 
in the electro-optical sensing system comprises 
a source of radiation mounted on one side of 
said membrane, and a detector mounted equi- 125 
distance on the other side of said membrane, 

a lens system on either side of said mem- 
brane, each lens system having a central, 
fully reflective region the lens system provid- 
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ing optically conjugate paths on either side of 
said membrane so that displacement of the 
membrane causes a variation in the output of 
said detector. 

5 11. A device as claimed in Claim 10, and 
including means for oscillating said mem- 
brane at a predetermined frequency for a dis- 
placement of approximately ^ of the wave- 
length of the radiadon from said source, 

10 12. A device as claimed in Claim 11, and 
including a filter for removing from the detec- 
tor output signal the modulation imparted by 
said oscillation at the predetermined fre- 
quency so that the resultant signal has after 

15 processing in a phase sensitive means a mag- 
nitude and sign dependent on any additional 
force causing displacement of said membrane, 
13. A device as claimed m Claim 12, and 
including means for applying said resultant 

20 signal to said electrostatic means so as to 
oppose the force causing the displacement of 
said membrane. 



14. A device as claimed in Claim 13, where- 
in the electrostatic means comprise a pair of 
electrodes mounted one on either side of 25 
said membrane. 

15. A device as claimed in Claim 4, where- 
in said electrodes are parallel to said mem- 
brane. 

16. A microphone employing an electro- 30 
optical device as claimed in any one of the 
preceding claims. 

17. A voltage comparator employing an 
electro-optical device as claimed in any one 

of Claims 1 to 13. 35 

18. A manometer employing an electro- 
optical device as claimed in any one of Claims 
1 to 13. 
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